Abstract Lung cancer mortality after radon exposure in the Wismut cohort was analysed using the two-stage clonal expansion (TSCE) model. A total of 2,996 lung cancer deaths among the 58,695 male workers were observed during the follow-up period between 1946 and 2003. Adjustment to silica exposure was performed to find a more accurate estimation of the risk of radon exposure. An additional analysis with the descriptive excess relative risk (ERR) model was carried out for comparison. The TSCE model that best describes the data is non-linear in the clonal expansion with radon exposure and has a saturation level at an exposure rate of d r 100 WLM/ yr. The excess relative risk decreases with age and shows an inverse exposure rate effect. In comparison to the ERR model, the TSCE model predicts a considerably larger risk for low exposures rates below 50 WLM/ yr. Comparison to other mechanistic studies of lung cancer after exposure to alpha particles using the TSCE model reveals an extraordinary consistency in the main features of the exposure response, given the diversity in the characteristics of the cohorts and the exposure across different studies. This suggests that a non-linear response mechanism in the clonal expansion, with some level of saturation at large exposure rates, may be playing a crucial role in the development of lung cancer after alpha particle irradiation.
Introduction
Exposure to radon and its progeny has been recognized as a cause of lung cancer for many decades. This association between radon exposure and lung cancer was established after analyses of health effects of miners who worked in environments with high concentrations of radon [1] . Some of the radon decay products (also called progeny or daughters), decay in the lungs after inhalation and emit densely ionizing alpha particles. Radon emanates from the soil, water and building materials, becoming trapped in homes. Although typical residential radon exposures may be a factor of 10 or 100 smaller than the exposures received by miners, understanding how radon acts on the development of lung cancer is a general population health concern.
The Wismut cohort is the worldwide largest uranium miner cohort. The workers of the Wismut company exposed to radon and its progeny were exposed chiefly working underground or in uranium ore processing facilities. Different aspects of the lung cancer caused by radon inhalation in the Wismut cohort have been studied in detail before [2] [3] [4] [5] . Apart from radon, Wismut workers were also exposed to external gamma radiation, long-lived radionuclides, arsenic, fine dust and silica, which are all considered to be carcinogenic agents. Among these possible confounders, only adjustment due to silica dust exposure was found to be significant in the Wismut miners [6] , and therefore corrections due to silica exposure were performed in the current study to allow for more accurate predictions of radon lung cancer risk. The analyses of lung cancer in the Wismut cohort mentioned above were generally performed using descriptive models and Poisson regression techniques. Unfortunately, no smoking information for the Wismut workers was available in the current study. It is noted, however, that in a nested case-control study of the cohort with limited smoking information the radonrelated lung cancer risks were very similar with and without smoking adjustment [7] .
In the current analysis the two-stage clonal expansion model (TSCE) [8] [9] [10] was used. In the TSCE model it is assumed that in a specific organ there is a large number of target cells susceptible to malignant transformation. One of these target cells undergoes two mutations and clonal expansion during the intermediate stage before it develops a tumor. Thus the model distinguishes three specific processes on a cell's pathway to cancer: initiation, clonal expansion and transformation. The TSCE model has been widely used to analyse epidemiological data, and allows explicit examination of the effect of radiation on these processes. To verify the risk estimates obtained here with the TSCE model, an additional analysis was performed for comparison using the excess relative risk model (ERR).
There have already been previous studies of the Wismut cohort, or studies in which the Wismut cohort formed part of a pool of uranium miners cohorts, using mechanistic models [11, 12] , and also studies which included mechanistic analyses of other uranium miners cohorts [13] [14] [15] [16] [17] [18] . Other important studies of lung cancer among uranium miners included the Colorado [19] , Czech [20] , French [21] and Eldorado [22] cohort studies. In an extensive 11 underground miners study [23] a joint analysis of the above mentioned plus other miners cohorts was performed.
In the present work, lung cancer mortality among the Wismut workers is analysed using the mechanistic TSCE model of carcinogenesis. The influence of radon exposure on the different steps in the carcinogenic process of lung cancer is evaluated, with special emphasis on the clonal expansion rate. The model was adjusted to silica dust exposure, a known lung cancer confounder. Risk estimates for different exposure scenarios were derived, and compared to those obtained with excess relative risk models. Finally, the results are compared to those of other mechanistic studies on lung cancer after alpha particle exposure. Common mechanisms across different studies were found.
Materials and methods

The Wismut Cohort
The cohort studied here includes 58,695 workers employed by the Wismut company between 1946 and 1989 to extract the uranium ore in the mountains of Saxony and Thuringia, former East Germany. The cohort members in this study were all males born after 1899. They were employed at least for 180 days and had silica dust exposure records. Workers were considered to be at risk from the date of first employment until their date of death, loss of follow-up or the end of the followup period, that is on the 31st of December 2003. The total number of person years is 2011,873. In total, 2,996 lung cancer deaths occurred, which in combination with the large number of workers and long duration of the follow-up gives a very strong statistical power. For a more detailed description of the cohort see Kreuzer et al. [3] and references therein.
Radon and silica exposure
The exposure to radon was estimated retrospectively using a job-exposure matrix (JEM). According to each work place and type of job, the JEM gives annual values of exposures to radon, external gamma radiation and long-lived radionuclides [24] . The mean cumulative radon exposure is 280 Working Level Month (WLM)
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, with a maximum exposure of 3, 224 WLM. The Wismut cohort workers were exposed at a young age and were exposed to radon for a relatively long period. The average age at first exposure is about 25 years, whereas the average duration of exposure is 11 years.
Apart from exposure data on gamma radiation and long-lived radionuclides, there is available data on the exposure to silica, fine and arsenic dust. Silica and fine dust exposures are highly correlated because the silica dust is part of the total measured fine dust exposure. Hence, fine dust is excluded from the analysis. A previous study of this cohort have found that exposure to silica results in a significant lung cancer risk [6] . The inclusion of the gamma radiation, long-lived radionuclides and arsenic, however, did not confound the radon risk [5] . Thus we only consider radon and silica in the current analysis. Information on the silica dust is given by a second JEM [25] . The exposures are given in units of dust-years. A silica dust-year is defined as exposure by 1mg m −3 over 220 shifts of 8 hours.
Occupational safety measures, and in particular radiation protection measures, were lacking in the early years of the mine just after the end of World War II. Wet drilling and appropriate ventilation were subsequently introduced decreasing notably the miners radon and dust exposure. For these early years no radon measurements were performed and exposure was estimated retrospectively. Fig. 1 shows the pronounced decrease of radon and silica dust with calendar year, after 1955.
The TSCE model
The two-stage clonal expansion model (TSCE) used here has been widely used as standard mechanistic model for carcinogenesis [13, 18, 26, 27] . In addition to independent estimates of the risk that can be compared to those obtained with other more traditional epidemiological models, the TSCE model provides indications of possible biological processes during the development of cancer. Furthermore, it can be used as a simple prototype to model carcinogenesis, that may be replaced by an improved and perhaps more complex model, once more precise biological information on the development of a certain cancer type is available, e.g. for colon cancer [28] [29] [30] .
A sketch of the TSCE model with its two stages and the clonal expansion phase is shown in Fig. 2 . A cell can be initiated with rate ν, i.e. receive mutational changes that result in a growth advantage. Initiated cells may divide into two initiated cells with rate α, die (or differentiate) with an inactivation rate β, or divide asymmetrically into an initiated cell and a malignant cell with rate µ. After a lag time t lag the malignant cell develops into a malignant tumor. The rates ν and µ describe rate-limiting events in the process of carcinogenesis, e.g. mutations of driver genes [31] . Implicit in the model is the assumption that initiation follows a nonhomogeneous Poisson process with intensity N s ν, where N s is the number of susceptible cells. In general, the pool of susceptible healthy cells divide symmetrically or inactivate at certain given rates α s and β s , and initiation occurs during asymmetrical cell division the same way as transformation takes place with an initiated cell. For very large N s and very small mutation rate ν however, the nonhomogeneous Poisson process assumption is justified insofar as α s ≥ β s [32] .
The parameters α, β, ν and µ, are however unidentifiable, and thus they can not be determined from the data alone [33, 34] . These parameters may vary without modifying the survival function and hazard, and hence keeping the likelihood constant. They are therefore not uniquely determined by the epidemiological data. This is a consequence of the mathematical structure of the model, and it leads to infinite confidence intervals for the non-identifiable parameters [35, 36] . One can in principle remove this non-identifiability by using suitable constraints on the parameters. One such constraint often used is assuming that the mutation rates µ and ν are equal. The alternative to constrain the parameter space used here is to define a set of identifiable parameters. An identifiable parameter is a parameter that can be determined from the survival function alone and has a finite confidence interval. Leaving the spontaneous transformation rate undetermined (i.e., allowing it to vary freely), one can define the following set of three parameters [37] :
where γ is the clonal expansion rate and δ is a parameter proportional to the division rate α. µ 0 is the transformation rate at person's birth. The three identifiable parameters above as well as the transformation rate µ can in principle be time dependent for the baseline, and vary with attained age and year. For the timedependent µ, the parameter ratio m(a) = µ(a)/µ 0 is used. Other parametrizations, which can be expressed in terms of these identifiable parameters, are possible. The choice of the identifiable parameters above allows to directly compare the results obtained in the present study for the estimated parameters with those obtained in other studies using the TSCE model (see Comparison of TSCE model parameters in Sec.4).
The baseline hazard in the cohort data is well described by constant X, δ and m parameters (i.e m=1), and a clonal expansion rate for the baseline γ b that varies as a function of attained age a and calendar year y. In the model that best fits the data, the calendar year dependence of γ b is quadratic with a maximum at y c = 1951. On the other hand, γ b remains constant with age until about an age of a 0 = 48 yr when it starts to decrease exponentially. That is
where γ b (a) is given by
where the fit parameters γ 0 , b y , b a are greater than zero and b y is small enough such that γ is always positive.
The parameter values of y c and a c are also estimated, but rather than allowing these parameters to vary continuously to find the maximum likelihood, they were varied step-wise by increments of one year.
The exposure response in the TSCE model was studied by checking the influence of radon and silica on the identifiable parameters X, γ and m. Variations in the γ and m parameters with exposure correspond to changes in the clonal expansion and transformation processes in the TSCE model. X is proportional to N s · ν because µ 0 is a constant. Therefore, changes in X correspond to changes in the total rate of creation of initiated cells since ν is the initiation rate per cell. Ultimately considering that healthy cells endeavour to maintain the lung tissue homeostasis, one can assume that N s remains practically constant once the development of a person during the early young age has concluded.
Tumor initiators induce heritable alterations in the cellular DNA and gene function of the target cell. These alterations result from mutations through different mechanisms (e.g. a break in one or both DNA strands, adduct formation, etc.), and the corresponding endpoints are often linearly related to dose [38, 39] . Therefore, linear responses in the parameter X with exposure were tested as well as simple non-linear responses to check for possible deviations from linearity. Mutagenic agents may also induce the progression of a benign tumor of initiated cells to a malignant neoplasm [40] . Consequently, exposure response functions similar to those used in initiation were checked in successive fits for the parameter m. On the other hand, there is evidence than a substantial number of carcinogenic agents do not involve direct interaction with DNA [41] . Such non-genotoxic carcinogens act by "inducing sustained proliferation, either directly through a trophic stimulus or indirectly by inducing a proliferative response as a consequence of cell death" [42] . The promoting agents often show non-linear dose-responses, and a nonobservable-effect level (NOEL), i.e. no detectable response below some critical value, have been determined in many cases [39] . Another important characteristic of non-genotoxic agents is that they need to be active during a certain period of time to have an effect. This is the case because of the low spontaneous or induced initiation rates, and also because of the reversible effects of these agents [42] . Therefore it is helpful to perform a categorical analysis of the exposure response in γ to evaluate the form of dose-response relationship. Ultimately, a carcinogen may exhibit both genotoxic and non-genotoxic characteristics, and therefore the exposure response was checked simultaneously in X, γ and µ for radon and silica.
Initially only radon was considered with different alternatives tested on initiation, clonal expansion and transformation. A categorical analysis of γ on different exposure rates suggests a significant saturation level at radon exposures greater than about 100 WLM (see Fig.4 ). Among different possible curves displaying this behaviour, a linear leveling of the clonal expansion with radon exposure rate fitted the data best. In this model γ is given by
where f r is the radon exposure response factor which depends on the annual radon exposure rate d r as follows,
In the expression above, r 1 determines the saturation level for large exposure rates, and r 2 the linear slope for small exposure rates,
). An alternative model with radiation response in the initiation stage resulted in much worse fits (see results section); linear, linear-quadratic and linear-exponential forms were analyzed,
where X b denotes the baseline parameter. The third model above, X lk , is motivated by the possibility that high exposure rates of alpha particles may cause injury severe enough to "kill" the target cell. Compared to exposure responses in initiation, i.e, those obtained just with X ln , X lq and X lk above, linear and linearquadratic responses in the transformation parameter result in deviances that were several hundred deviance points larger.
Models with silica response in initiation, clonal expansion and transformation were added to the best model without silica, the model given in Eqs. (6) and (7), and fitted to the data. That is
where for the silica response factor f s linear, linearquadratic and linear spline functions of the annual silica exposure rates were analysed. A model with an interaction term in γ between radon and silica exposure,
, was also fitted but it did not significantly improve the fit. The model that best describes the data is a f s (d s ) in γ that is linear above the exposure rate d c
with
d s denotes the annual exposure to silica dust concentrations expressed in mg/m 3 . Models with a silica effect on transformation gave much worse fits than those with a silica effect on initiation.
To this final model, we added the different radon responses in initiation used before to ensure that the additional initiation parameters are still not significant once we adjust for silica. The same check for an additional silica response in initiation with linear, linear-quadratic and linear spline functions, was performed. In this case also, the additional parameters were not significant.
The ERR model
To build an appropriate TSCE model, it is helpful to have a descriptive model as a reference. Here the exposure response to radon and silica found in [5, 6] was used, with the only addition of an extra parameter to describe the time since median exposure covariate.
The baseline used here has been specifically built for this cohort. For the baseline hazard the following model was used,
where
In the equation above y denotes the calendar year, and y c the location of the maximum of the quadratic function in y. ψ 0 , ψ 1 , ψ 2 and φ 2 are parameter values, which were estimated. Θ (a − a c ) represents a step function located at an age a c . As for the TSCE model the parameter values of y c and a c were varied step-wise by increments of one year.
The excess relative risk (ERR) of radon exposure for vanishing silica exposure is defined as ERR (a, D,
where h b denotes the baseline rate, a is the attained age, D is the cumulative radon exposure (typically time-lagged) and x i represent a definite number of confounders and effect modifiers of the actual radon exposure.
When there is more than one risk factor, as in the case here with the radiation and silica dust exposure, the combined effect of the different exposures can in principle modify the effect of radon in an additive or multiplicative way. Here both possibilities were checked and, in agreement with [6] , the additive model resulted in a statistically better fit. Then the hazard function may be written as
In the equation above, ERR r is the radon excess relative risk, which depends on the cumulative dose D and the following covariates: attained age a, t sme representing time since median exposure and the exposure rate
t sme is a function of attained age a, and it is estimated with respect to the time-lagged cumulative dose at a definite age D(a − τ lag ). The exposure rate d avg used here is defined as the total time-lagged cumulative dose divided by the total duration at each year of attained age assuming 11 working months per year. This definition which represents an average exposure rate is similar to the one used in [5, 43] .
This type of model called exposure-age-concentration model for the radon risk has been used by the BEIR VI committee to analyze different uranium miners data sets [1] . An alternative model for the radon risk used in the BEIR VI report, the exposure-age-duration model, describes the Wismut data worse and has not been used here [5] . ERR s is the silica excess relative risk. As in the uranium miner data sets analyzed by BEIR VI [1] and other more recent studies a time lag τ lag of 5 years was used. From now on D is used to denote the time-lagged exposure.
The exposure response for radon that best fits the data is linear [5] . The radon exposure effect on the risk decreases exponentially with attained age a and exposure rate d avg . In the case of t sme , the statistical fit is 4.6 deviance points better when the decrease is linearquadratic rather than exponential. The radon exposure risk is given by (19) where the model-centering constants 44 years of age, 11 years since median exposure and 2.7 WL of exposure rate, are typical values for the Wismut cohort. The parameter β r represents the ERR per unit of radon exposure, adjusted for silica exposure, of a person with these typical values for the modifier covariates.
The silica exposure response, after adjusting for radon, has the form of a linear increase above the cumulative exposure sil c , similar to Ref. [6] ,
where sil is the silica dust exposure in dust-years.
Statistical analysis
The parameter estimates α j for the hazard function h(t; α j ) for a definite model are obtained by maximizing the total likelihood, which is the product of all individual likelihoods in the cohort. Taking the parameters to be piece-wise constant on a definite number of intervals allows the TSCE model to be solved analytically simplifying the estimation of the hazard, the likelihood construction and the numerical optimization [10, 34] . The optimization was performed using the Minuit2 minimization package [44] . The best model is selected according to the likelihood ratio test or the Akaike information criterion, denoted by AIC, depending on whether the model is nested or not 2 . The confidence intervals for the parameters given here are Waldtype at 2σ confidence level. In addition to the likelihood method the integrated hazard, which gives the estimated number of cases, was compared here with the observed cases for different categories of the covariates.
Results
The TSCE model that describes best the data is a model with a linear-levelling exposure response in the clonal expansion, as in Eq. (7). The ERR model used here is very similar to the models analyzed in [5, 6] , except for a possible quadratic t sme decay of the excess risk in Eq. (19) and therefore the results are not presented in detail here.
In Tab. 1 we compare the deviances and AIC differences (∆ i ) resulting from the optimization of models with different exposure response in the initiation stage X and a linear-levelling clonal expansion rate γ. The silica exposure adjustment is not included here. Setting γ=constant w.r.t. exposure rate d r , and allowing an effect of d r only on initiation, one sees that the resulting fit is much worse than that using the γ(a, y, d r ) model without an effect of radiation on X. On the other hand, if one considers a more complex model with the radiation affecting both γ and X, the additional parameters corresponding to X are not significant according to the likelihood ratio test and yield large relative errors in the 300-400% range. The values of ∆ i and their respective weights ω i indicate that an effect of radon on initiation, however much weaker than the dominant γ(d r ), can not be ruled out.
To adjust for the silica exposure two more parameters had to be added in either the ERR and TSCE models. Tab. 2 shows the number of parameters, deviance and excess cases predicted by the models. In both the ERR and TSCE model the silica adjustment was highly significant. In the ERR model, 13 parameters were found to be significant in this analysis. Among these 13 parameters, 6 were used for the baseline, 5 to describe the radon response, and 2 for the silica dust exposure. In the TSCE model, amidst the 11 parameters used in the likelihood analysis, 7 were used in the baseline, 2 describe the radon response, and another 2 the silica dust exposure. In terms of deviance, the ERR model is about 16 points smaller with two more overall parameters. Thus there might be an indication that the radon exposure response is more complex than what the TSCE model suggests. Nevertheless, when the observed and expected number of cases across different exposure categories are compared for the two models in Tab. 3, the two extra parameters of the ERR model do not seem to improve substantially the fit to the data.
The maximum likelihood estimates for the parameters of the ERR and TSCE model and their corresponding 95% Wald type confidence intervals are shown in Tab. 4. Parameters without error bars have been minimized in a step-wise fashion when the hazard is not a smooth function of the parameter, or when, as in the case of y c , one is not really interested in relatively small differences. In either the ERR and TSCE models, the y c value gives the maximum rates with calendar year. The exposure response on γ is discussed in detail in the following section, together with consequences for the radiation risk. The silica exposure response is linear in the cumulative silica exposure above sil c = 10mg/m 3 − yrs for the descriptive model [6] . Similarly, in the TSCE model the response is linear in the silica dust exposure rate above concentrations of d c = 0.92mg/m 3 during a working year.
Discussion
Mortality rates at old age
The observed lung cancer mortality rates in the Wismut cohort reach a maximum at about an age of 70 and then remain practically constant. This pronounced flattening of the hazard curve is typical of spontaneous lung cancer mortality rates.
In the ERR model, to get a flatter curve at old age one needs to modify the typical quadratic baseline rate, i.e, h b ∝ exp(ψ 0 +ψ 1 lna+ψ 2 ln 2 a), by using a step function in the quadratic term see Eq. (17) . The result is a much better description of the cohort's hazard at old age, as can be seen in Fig. 3 and in the fact that the addition of the extra parameter a c results in a deviance 26 points smaller. This is the case because below an age of about 60 years a good approximation to the baseline rates is linear in a log-scale. That is
A very similar behaviour of the hazard was found in the TSCE model. In this case a decrease with age in the clonal expansion rate is necessary to get a good description of the observed data. As Fig. 3 shows, the TSCE model with γ constant with age fails dramatically to describe the observed rates at old age. The addition of two parameters, b a and a c , reduced the deviance by about 30 points, see Eq. (5). The b a parameter represents the decay rate with age of the clonal expansion, and results in a decrease of γ to half its value in 24 years from an age of a c = 48 years. The same decrease pattern with age was found in the uranium workers of Eldorado [18] . The value for the base rate γ b is similar, but the decrease rate is faster than in the present study. A similar decay features in analyses using the so called Two-Mutation Carcinogenesis model (TMC) [11, 17] . In this model, however, which differs from the TSCE model in how it deals with the unidentifiability of the parameters, radiation does not act on the clonal expansion. In other TSCE mechanistic studies of radon exposure, although γ remains constant with age, similar base rates for γ b were found (see "Comparing TSCE model parameters" below).
The decay of the clonal expansion rate with age in the TSCE model and the levelling of the lung mortality rates at old age may reflect the fact that (stem) cells loose regenerative potential with age leading to a significant net decline of cell pool renewal at old age. In addition, there are indications that there is a strong association between cancer risk and the total number of (stem) cell divisions, the tissue types with more divisions of their self-renewing cells having more lifetime cancer risk [49] . In this context, it is not surprising to find a relation between the clonal expansion decay with old age and a leveling of the cancer rates.
Calendar year dependence
In the ERR model, the natural logarithm of baseline hazard depends quadratically on calendar year (see Eq. (17)). The year center y c used in the present work is 1985, which gives the lowest deviance, and marks the maximum of the hazard with year. Using a quadratic birth year dependence instead of a quadratic calendar year dependence does not improve the fit, resulting in larger values for the deviance. For the TSCE model a decrease of the clonal expansion with calendar year (see Eq. (4)) results in the lowest deviance. The calendar year dependence is again quadratic with a maximum at y c = 1951, so effectively spontaneous rates were larger at the beginning of the mining activity and decreased by about 20% within the following 40 years. As in the case of the ERR model, a birth year effect cannot be observed in the data. Fig. 3 : Above, the cohort's average total and baseline hazards are shown for different ERR and TSCE models. On the upper left the hazard curve resulting from the ERR model with and without a step function in the quadratic age is compared. Below the TSCE model with a decaying clonal expansion with age is shown. On the right the average rates for the best fitting ERR and TSCE models found in this study are compared. The 95% confidence intervals for the observed hazard are estimated according to Ref. [48] .
It is noted, however, that in previous mechanistic studies of radon exposure among uranium miners, a birth year effect was found [11-13, 15, 16, 18] . Typically the parameter X was a function of the birth year [12, 13, 15, 16] , though in [15] it was the number of susceptible cells N s which changed explicitly with birth year, while it was the transformation rate µ in the Eldorato cohort [18] . Birth year trends are often thought to be associated with smoking and other lifestyle factors. Even when there is explicit smoking information, however, as in the Colorado miners, a residual trend with birth year is still present in the data [13] . Unfortunately, for the Wismut cohort there is no smoking information for the whole cohort and therefore its effect can not be evaluated.
Notwithstanding the influence of smoking in this cohort, large background cell clonal expansion rates during the early years of the Wismut company are compatible with dietary deficiencies of the German population during the last years and in the aftermath of World War II. Note that deficient intake of vitamin A and its precursors has been associated with increased risk of lung cancer [50] . In particular, vitamin A plays a vital role as an anti-inflammatory agent ensuring normal epithelial differentiation and growth [51] , and its deficient intake has been an argument to justify high background clonal expansion rates in mechanistic studies [52] . Between the maximum of background mortality rates with calendar year, which occurs in 1985 according to the ERR model, and the maximum clonal expansion rates for γ in 1951, there are about 30 years. This "delay" reflects the need of a cell to acquire further cancer capabilities and develop to a full tumor [53, 54] .
Radon exposure response
An effect of radon exposure on the clonal expansion of intermediate cells has been found in most of the mechanistic analyses of uranium miners data using the TSCE model [12, 13, 15, 16, 18] . The effect of radon on the clonal expansion has been found in other studies of occupa- tional exposure to alpha radiation too, specifically in the Mayak cohort studies of plutonium-induced lung cancer [55] [56] [57] . In all of the studies cited above, the radon exposure rate was found to act on the clonal expansion in a non-linear way. In the present analysis a linear-levelling functional form for γ(d r ) as in Eqs. (6,7) fitted well the data. Accounting for the effect of silica dust, the radon effect on γ decreased, but the functional form remained the same. Fig. 4 shows γ as a function of radon exposure rate with and without adjustment for silica dust. With adjustment for silica dust the saturation level decreases substantially while the linear response does not vary largely. The inhalation of silica dust has an effect on the clonal expansion for exposure rates larger than about d c 1mg/m 3 −yr. This corresponds roughly to an exposure of 0.02mg/m 3 during a 40h working week.
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In some of the uranium miners cohorts an additional radon effect on initiation was found in the data [12, 13, 15, 16] . In the present analysis a γ decreasing with attained age is, however, more significant (see Tab. 1). On the other hand, no effect of radon on transformation has been found, which is consistent with previous radon TSCE model studies. The similarities and disagreements between different analyses using the TSCE model are explored in more detail below after having discussed the risk estimation.
3 Since the TSCE model is formulated with rate parameters, the silica rate and not the total silica exposure is used as input, similar to the radon exposure rate. These rates are integrated over lifetime to obtain the total risk. It is nevertheless interesting to note that the weekly silica exposure obtained here is of the same order of magnitude as the NIOSH recommended limit for respirable silica of 0.05mg/m 3 [58].
Soluble factors produced after alpha particle irradiation have been associated to increased cell proliferation and the bystander effect in vitro [59] . It is possible then that the non-linear radon exposure response in γ(d) might be the consequence of a bystander effect. In Ref. [18] a similar radon exposure response was found for the Eldorado uranium workers. It was argued that for low radon exposure rates only a small fraction of the target cells could be hit by an alpha particle, and that the exposure response could be transmitted by the hit cells to their neighboring cells via a bystander effect. For higher exposure rates more cells could be exposed, leading to saturation. It was estimated that for exposure rates larger than 20 WLM/year a significant proportion of target cells could be hit by alpha-particles during one cell cycle, leading to saturation. The saturation level obtained in the current work is somewhat larger, but still consistent with this estimate.
Increased clonal growth of initiated cells after radon exposure has been also found in studies with biophysical models. For example, in Refs. [60] [61] [62] detailed radon exposure patterns for the bronchial epithelium were modeled for radon exposure conditions characteristic of homes and uranium mines. It was found that local deposition of inhaled radon progeny can concentrate in hot spots, leading to locally high doses and a high probability of multiple hits per cell by alpha particles. Thus the activity deposition could be highly non-linear, potentially inducing local inflammation effects. Note that increased clonal expansion rates was proposed as an important mechanism for mutation induction, although apart from affecting the growth of mutant clones in the lungs radon had also an effect in initiation and transformation.
Potential mechanisms in the mediation of the bystander effect are oxidative and inflammatory responses, which are considered to be critical in the occurrence of nontargeted effects after radiation exposure [63] . There is growing evidence associating the development of various cancers types to inflammation [64] . Persistent inflammation produces a mutagenic and growthstimulating microenvironment supporting cancer development [65] . Indeed, the connection of lung squamous cell carcinoma in former uranium miners with high levels of radon exposure and IL-6 promoter variants, which play a central role in many inflammatory and immunological processes, suggests that radon may be leading to cancer through persistent pulmonary inflammation [66] . In the case of silica exposure, Borm et al [67] also argue that the most likely mechanism of crystalline silica to support cancer development is an inflammation-driven secondary genotoxicity. Experimental data in rats sug-gests that persistent inflammation produces oxidants causing injury and the proliferation of lung epithelial cells (see also IARC 1997 Silica Monograph [68] ). The existence of a NOEL seems to be related to the level of exposure that impairs alveolar particle clearance which results in inflammatory responses [67] . It is not surprising then that the radon response does not result in an exposure threshold, since the short half-life of the radon progeny compared to typical lung clearance rates prevents the decay products to be cleared before they cause damage [1] .
Risk estimates and effect modification
The magnitude of the lung cancer radon risk can vary substantially with the exposure scenario. In the ERR model the hazard depends explicitly on the effect modifiers age, time since median exposure and exposure rate. Effect modification in the TSCE model is built-in in the dynamics of the model. To compare the exposure response to radon in both models and to give accurate estimates for the risk, one needs to specify the exposure scenario.
Tab. 5 shows the quartiles and average values for the lifetime radon exposure and other covariates relevant for the exposure scenario. These quartiles indicate the distribution of the covariates and the values that are best represented in the data. The ERR for different exposure scenarios are shown in Fig. 5 . In all these hypothetical scenarios the person's birth year is 1930, the silica exposure is set to zero, and the exposure is assumed to be homogeneously distributed throughout the years, so that the exposure rate is constant. As shown in the left panel of Fig. 5 , radon risk decreases with attained age. Below the 25% quartile, at attained ages of 50 yrs and younger, the ERR model yields larger values for ERR r / WLM in comparison with the TSCE model. It may be that the increase in ERR r / WLM in the ERR model below the median cancer death age is unrealistic. The ERR r / WLM curve in the TSCE model is considerably less steep and may provide a much more plausible extrapolation from the central cohort values than the ERR/WLM from the ERR model 4 . Between the attained ages of 50 and 80 years, the ERR and TSCE model risk estimates are closer for large than for small exposure rates. 4 One is inclined to assume that extrapolating the risk with age in a model based on a dynamical process is more reliable than in a purely descriptive model [1] . The TSCE model has more flexibility to accommodate different functional forms for the hazard and survival function at different attained ages [8, 69] , and may therefore provide more accurate fits to the data on the intermediate and young ages regime.
There is an inverse dose rate effect identified by both models [70] . This effect was consistently observed in the analysis of the 11 underground miners studies [23] , and was explicitely or implicitely used by the BEIR VI committee in their models 5 . Nevertheless, the inverse dose rate effect may only be present at relatively high exposure rates, as studies of the Czech and French cohort [43, 71, 72] and animal studies seem to imply [73] . Other analyses suggest no exposure rate effect below cumulative exposures of 50 WLM [74] . It has been argued that the uncertainties involved in WL and WLM estimations, which are typically large in the initial years of mining, could at least partially produce an apparent inverse dose rate artefact [74] . In the left panel of Fig. 5 risk estimates for different radon exposure rates are shown. There is a clear increasing risk per unit exposure trend with decreasing exposures rates in both models. The uncertainty of the risk estimates increase with decreasing exposure rates. Thus it is difficult to justify in this analysis an exposure rate effect below rates of about 50-25WLM/yr for the TSCE model, which would be in agreement with Refs. [43, 71] . Note, however, that in the ERR model the 1σ confidence intervals are broader and the exposure rate effect is less pronounced, resulting in a clear exposure rate effect at larger rates. In the present model, the inverse dose rate effect is related to the saturation level in the clonal expansion: as the γ(d r ) curve flattens, the effectiveness of the radon exposure decreases. High dose rate saturation by multiple track traversals during the cell cycle has been proposed to explain the inverse dose rate effect [75, 76] , but as already mentioned above the saturation could be mediated by bystander effects as well.
In the right panel of Fig. 5 the effect of duration of radon exposure in the TSCE model is shown. The ERR r /WLM given the same exposure rate increases with duration of exposure. This is not very surprising as a protracted duration of exposure gives an extended time for the clonal expansion of initiated cells [10] . As in the case of the exposure rate, the duration effect is stronger at larger exposure rates becoming negligible below 50 WLM/yr, given the uncertainty in the estimation of the risk. An increased ERR r /WLM with duration of radon exposure has been also observed in the pooled study of 11 underground miners cohorts, and in the independent analysis of most of the single studies [23] . The ERR model used in the present work, the so called exposure-age-concentration model, does not depend on duration of exposure. Age at mexp is taken with respect to the median of the total person's exposure. The 68% exposure duration quartiles correspond to the duration distribution of 68% of the lifetime exposure. Estimated values of the cohort average excess relative and absolute risk for the ERR and TSCE models are shown in Tab. 6 . The values given in the table are estimates per 100 WLM of radon exposure. At about the median cancer death age of the cohort, a ∼ 65 years, the estimated risk values are very similar for both models. For young attained ages, however, the ERR model gives substantially larger risk compared to the TSCE model, whereas at 75 and older, risks from the ERR model are moderately larger.
A limitation of the present study is the lack of complete smoking information. Thus the effect of smoking on lung cancer risk from radon cannot be evaluated here. However, information on smoking was collected within a nested case-control study where the resulting radonrelated lung cancer risks, calculated with and without adjustment for smoking, were very similar [7] . This appears to be a common pattern in the case of uranium miners cohorts, perhaps because most of the miners smoked. Analysis of the individual and combined data of the Czech, French and German case-control studies, confirmed that smoking does not seem to be confounding radon risk (see Ref. [77] and references therein).
Comparison of TSCE model parameters to those of other mechanistic studies
In Tab. 7 the values of the baseline parameters γ b and X b obtained in our analysis are compared to those found in other TSCE model studies. Of particular interest is the linear regime for small exposures, and the saturation level (when there is one), which can also be found in 7. All studies deal with the effect of occupational alpha radiation exposure on lung cancer. The majority of these analyses comprehend uranium workers and radon exposure, but two studies of the Mayak workers exposed to plutonium were also included. The current study is the only study using the mechanistic TSCE model (or related stochastic models of carcinogenesis) that we are aware of, in which silica exposure is included to adjust for the lung cancer risk after radon exposure 6 . Mining and the related milling of ores results in occupational exposure to silica dust for most of the different occupations and mines [68] , and therefore the parameter estimates in Tab. 7 other than the current study may be liable to adjustment As we discuss below, the missing adjustment for silica or fine dust exposure may partially explain larger saturation levels of γ found in radon miner studies. In general, the most recent analysis of a specific cohort corresponds to a longer follow-up and therefore its estimated parameters should be considered more accurate. If the value of a parameter does not vary much between different studies or followup periods it is a strong indication that this parameter may be describing an important general mechanism in lung carcinogenesis. The list of cohorts selected in Tab. 7 is not exhaustive, given the several cohort analyses that have been left out of this table. Nevertheless, we believe that it represents well the agreements and variability between the results from different TSCE studies. Analyses not included in Tab. 7 are cited along the text below when relevant.
The agreement on the estimated value for the baseline clonal expansion γ b is remarkably good. Whenever smoking information is available, as in the Colorado [13] and Mayak workers studies [56, 57] , the γ b shown in the table contains the smoking contribution γ s added to the actual baseline rate. It is in the range γ s = 0.04 − 0.08 yr −1 . The high values obtained for the base rates γ b ∼ 0.13 − 0.16 yr −1 in the rest of studies imply that the smoking contribution is included in the baseline value. This is plausible given that most workers smoked. Note that the γ b of our preferred model depends on attained age and calendar year. However, the effect of these parameters on the value of γ b is small: setting the base rate constant the model yields γ b = 0.14 yr −1 .
A saturation level of the exposure response in the clonal expansion has been found in many mechanistic studies on lung cancer and alpha radiation. The saturation level in the current Wismut study, γ sat = 0.3 yr −1 , is in very good agreement with the result from the pool of the French and German cohort [12] . The beginning of the follow-up used in the Fr/Ge2012 study for the German cohort is 1955, just when wet drilling was introduced and the annual exposures of radon and silica dropped dramatically. Thus it is remarkable that the present estimation for γ sat agrees so well with that for the Fr/Ge2012 after adjusting for silica. Incidentally, the calendar year 1955 marks the beginning of annual dust exposures below 1mg/m 3 -yr, which is essentially the value for the exposure rate d c found in the current study (see Eq. (14) and Tab. 4).
The saturation level for γ in the Mayak workers is larger than that found in Ge2015 and Fr/Ge2012. In the latest analysis the estimate decreased to γ sat = 0.44 yr −1 , and has a 2σ region adjacent to our result of γ sat 0.30 ± 0.05 yr −1 . Considerably larger values, γ sat ∼ 1 yr −1 , were obtained in the Ca2012b study, the Czech cohort [12] , and in the Colorado workers analysis performed by Little et al. [15] . These values are about a factor of 3 or 4 larger than the present Ge2015 estimate, but it is possible that after a potential correction for silica (or fine dust) they will be more compatible with our results. Even when a clear saturation level has not been found, a considerable flattening of the γ(d r ) curve for high exposure rates was obtained [13, 18] . In view of these studies, some sort of saturation in the clonal expansion of initiated cells at high exposure rates is evident.
The parameter γ r , defined by γ γ b +γ r d r +O(d 2 r ), represents the slope of clonal expansion for low exposure rates. Related to this quantity is d l , defined as the exposure rate at which the derivative of γ(d r ) decreases to 14% of its initial value. Above d l the response becomes relatively flat. All studies show a strong relative flattening of the response curve at high exposures rates, even in analyses without an actual saturation level. For the [12] , Ca2012 Eldorado uranium workers without saturation level for γ [18] , Ca2012b Eldorado uranium workers with γ saturation (personal communication), US2004 Colorado uranium miners [16] , US1999 Colorado uranium miners [13] , Ru2015 Mayak workers [57] , Ru2007 Mayak workers [56] . γsat denotes the saturation level of γ when it exists γr is the linear response for small rates, γ γ b + γrdr d l is defined by γ (d l ) 0.14γ (0), where denotes the derivative with respect to dr X b is the baseline value for the X parameter a Indicates that in the study smoking information was available, and that the value represents γ b +γs, where γs is in parenthesis denoting the smoking contribution b In this study two linear regimes γr exist for low and high exposure rates, that is 34.5 and 1.8 respectively. c Plutonium dose was given in Gy. To convert from Gy to WLM the following factors were applied: weighting factor w = 20Sv/Gy for plutonium and 8.9mSv/ WLM [78] linear-levelling form of γ in Eqs. (6) and (7), γ r = γ b r 2 and d l 2r 1 /r 2 . There is fair agreement between the different estimates for γ r , except for the Fr/Ge2012 and the Ca2012 cohorts. These two studies give similar results, roughly an order magnitude larger than the others. As a consequence their γ(d r ) curves saturate or flatten considerably at much smaller exposure rates than those of the other studies. Common in the Fr/Ge2012 and Ca2012 analyses is that the average exposure is about 100 WLM or less, i.e., considerably smaller than in the other cohorts. It is possible that the large γ r values obtained in these two studies represent a stronger response at low exposures rates d l = 10−15 WLM/ yr, which analyses of cohorts with more statistics concentrated at higher exposures rates fail to reproduce. This observation agrees with an analysis performed in the present study (not shown here) by excluding workers in the cohort by different upper bounds on the total cumulative exposure, which gave larger values for γ r as one reduces the upper limit. Larger risks at low exposures have been observed in the Wismut cohort [81] and in other uranium miners analyses (e.g. see Ref. [43] ).
In the case of the workers exposed to plutonium, the estimated γ r agrees very well with the results of the present study, given the uncertainty levels. Note that for this comparison, a conversion factor of 8.9 mSv per WLM of radon exposure was used. This value was derived from a stochastic airway generation model [78] , and it is between the 5.7 mSv/ WLM used in UNSCEAR reports [82] and a larger value of 21.1mSv/ WLM, derived in more recent calculations with new dosimetric models [83] .
The parameter X b , the product of initiation and transformation rate, shows a larger variation between the studies than the other parameters discussed above. This is expected since the clonal expansion rate γ is the parameter that can be determined with highest precision in the TSCE model. Nevertheless, the values obtained in the other studies shown in Tab. 7 indicate that the value estimated here, X b ∼ 8×10 −8 yr −2 , is well within one order of magnitude of the estimated value in the latest follow-up.
Conclusion
Lung cancer mortality in the the Wismut cohort was analyzed with the mechanistic TSCE model, and the results were compared to those obtained with the ERR model. Results for different exposure scenarios are shown in Fig. 5 , and cohort-averaged risk estimates are presented in Tab. 6 . In all models risk decreases substantially with increasing age and increasing exposure rate. However, due to the complex interplay between the different exposure modifiers, the results show a significant model uncertainty. For large exposure rates of about 100 WLM/yr the excess relative risk is similar for the TSCE and ERR models, while for smaller rates the TSCE model predicts higher risk, as shown in the left panel of Fig. 5 . For the median age of cancer death, about 65 years, the cohort-average risk of both types of models is similar, however, the ERR models predicts a stronger dependence of risk on attained age, in particular for smaller ages (see Tab.6).
The TSCE model has a very significant exposure response in the clonal expansion γ. The response has a linear-levelling form with a saturation level at about 100 WLM/yr. The non-linear exposure rate response in γ seems to be a very solid result. A similar response was found in the majority of TSCE studies of lung cancer among miners exposed to radon, and in studies of workers exposed to other sources of alpha radiation, such as the Mayak workers after plutonium exposure. Such response could be the consequence of a bystander effect [18] . A detailed comparison of the results of the different TSCE studies reveals an extraordinary agreement of the baseline clonal expansion rate of γ b ∼ 0.13 − 0.16 yr −1 . In addition, the saturation level reached by the clonal expansion rate large exposure rates is very consistent in the different TSCE studies. The linear response for small exposure rates, γ r , shows more variation. As discussed, this could be a consequence of different exposure levels of the studies.
The increase of clonal expansion rates may be due to permanent low-grade inflammation by exposure to radon and silica (or fine dust) during an extensive period of time, which in turn may be the major cause of increased lung cancer risk for the uranium miners. Persistent inflammation may assist the clonal growth of intermediate cells by supplying growth and survival factors to their microenvironment, which sustain proliferative signals and limit cell death respectively. This is considered to be an "enabling characteristic" that allows cells to acquire the functional capabilities to become cancer cells [54] . Noteworthy is that the Scientific and Regulatory Policy Committee (SRPC) recognizes cell proliferation as crucial in the mode of action for many carcinogens, and calls for more efforts in the interpretation and use of cell proliferation data in the assessment of cancer risk [84] .
Transfer of risk from miners to domestic exposure situations is a very complex task and beyond the scope of the current work [83] ; it is however interesting to look at risk modifiers at low exposures typical in the domestic environment. An important issue for risk assessment and lifetime risk estimates is the potential dependence of the ERR on attained age or time since exposure. Miner studies have been performed that only included miners with low radon exposure, low radon exposure rates and good assessment of dosimetry. In Ref. [43] a decrease of risk with time since exposure and age at exposure has been observed, whereas in Ref. [81] no significant dependence of risk on time since exposure was found due to lack of statistical power. One can investigate the age dependence of risk with a mechanistic TSCE model for a typical domestic exposure. For example, using a constant exposure rate of 0.44 WLM/year starting at age 40 until age 65 with a total of 11 WLM at age 65 [83] , the TSCE model predicts a decrease of ERR per dose with attained age of about 25% per decade. This decrease is a consequence of the clonal expansion rate decreasing to its baseline level after exposure ceases. Although the value of 25% may depend on the exposure scenario, the decrease of ERR with age is a general characteristic of the radiation action.
The TSCE model is the most often used biologicallybased model. It allows to capture the complex dynamics of cancer development despite its limited number of parameters, and provides robust risk estimates. The consistency of TSCE parameters across different studies indicates that the dynamics of cancer development and the exposure response are captured in a realistic way. Remarkably, the application of the TSCE model for plutonium exposure in the Mayak workers [56, 57] results in a similar exposure response as in the radon studies. This suggests similar mechanistic effects of both types of alpha particles being active. More complex stochastic models adding an additional step to the TSCE model have been used to describe the radon exposure response in uranium miner studies [15] and in the Mayak workers [57] , improving the goodness of fit compared to that obtained with the TSCE model. In neither of these cases there was evidence that the addition of a step results in radon acting differently to the way it does in the TSCE model. With available information on lung cancer subtypes, it might be possible to develop more specific lung cancer models, e.g. using information from TCGA analyses [85, 86] . In this case different lung cancer subtypes would develop through different pathways, each pathway having different baseline parameters and susceptibility to radiation [30] . The current work should provide a basis for such possible future developments.
